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. LP2LICATION OF THE WIRE-MESH Z!LOTTINGDEVICE

TO INCOMI!RESEI03LECASCKDE lIiLOWS

By Willard R. Westphal smd James C. Dunavant

The methmle used in the application of the wire+meah plott~ device
to ftid the flow pattern about a cascade of airfoils in Incompressible
inviscid flow and sane mathematical checlm that increase the accuracy of
this applicaticm are described. Results for two t~ical turbtie+lade
cascades me shown to cmpare weLl with experimental data. A method of
utilizimg the wire mesh to design turbfie blades with a ~rescribed -
pressure distribution in ticqmpressible flow is presented.

INTRODUCTION .

The analytical solution of the flow patte~ existing about a cascade
of airfofls in inmmpressible, nonviscous, two41mensimal flow is &HYi–
cult and tedious.

Appradmate solutions of the flow equatiohs have been found by
Wefiig (reference1) by sketching an orthogmal pattern of lines reprs
senting the streamlines and equipotential lines. By maldng a sufficient
nmher of approximations, the resulting pattern can be made to correspcxil.
closely to the correct flow patt&n for an ideal fluid. This process is
very tedious and.lacks accuracy.

On the wire+esh plotttig device developed by General Electric,
(reference 2), the streamlines and eqtipotential lines are represented
by a network of wires instead of by penciled lines. This device tiproves
the accuracy and greatly reduces the time required to complete the flbw
pattern because small changes are easily made in the flow pattern.

.

.

A wire+uesh plotting device has,been constructed at the Langley
Aeronautical Laboratoq and used successfully to find the flow pattern
about turbtie blade cascades. This @per describes the methai used and
presents a comparison of experimental tw~nsicmal. cascade data and
the data obtained by use of ‘thewir~,sh plotting device. A mthd of .
finding the airfoil shape that will have a prescribed pressure distribu-
tion is aLso presented.
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chord

- gap distance between

~ressum

distemce

disteace along chord

correqpnd.ing

line

().2F
force coefficient’ —

P1V12C

force on blade >er unit spn

masa flow

velocity

potits on adjacent blades

,

angle-between chord line and uystream velocity

stagger angle, mgle between uprtmmm velocity and normal to .
stagger ltie

circulation

an@e between normal to stagger line (line tangent to leading
edges of blades) and mean velocity

turning angle, angle between entering velocity ad exithg
velocity

density

L)solidity Q

Totential

c Subscripts:

1 upstream

2 downstream

function

.
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~erpendicular

3

to stagger line, axial in a rotating macme

parallel to stagger line, tangential in a rotating maotie

upper surface

lower surface

mean

normal to chord he “

stagnation

total.,resultant

qCHNIQUE OF ELOTTING FLOW TEROUG3 CMXXDES

The ~sh plotting device used re~resented the stream and equi-
~otential lties by O.018-tich+iiameter spring+teel wires. These lines
must form curvilinear squares ad cross each other at right singlesat
each intersection if they are to form a Correct Totential-flow pattern.
They me made to cross at right angles by yassing them through O.02&inch–
diameter holes drilled at right angles in a ~- tich+iameter brass pin.

They are required to form squares by smother network of wires placed at
an angle of 45° with respect to the first network, and passing through
another set of holes b the same pins (fig. 1). Lord Rayleigh (refe%
ence 3) has shown that if these diagonals idtersect at right angles the
stream and equipotential lines form cmvildneer squares. Thus, the
network tends to aline itself correctQ if the boundary conditicms are
set; however, since the friction between the wires and pins is great
enough to prevent free movement, the grid must be dined manually by
making the wires intersect at right emgles wherever they cross. The
slinement of each square is facilitated by holding a mall mirror against
one of the streamlines, for example, perpendicular to the plot and
observing the displacement of the -e of the intersecting equipotential
line from the equipotential line as viewed just over the top of the mirror
(fig. 1). The mirror must be equipped with two short legs so that.it can
be used over the pins to check the angle between streamlines and equi-
potential lines.

In practice, the mesh is first dined as accurately as possible by
eye and then the mirror is used to adjust each square in~vidually. It
is more convenient to start fran the incoming flow and work duwnstr~
since the inccming flow direction and velocity are usually specified.
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The potentisl-flow patte?m to be obtadned is for em inftiite cascadb;
however, this can be represented with reasmable accuracy by plotting
the flow through one passage between two successive blades and meldng .
the shape of the two stagnatim atre.md-inesthe same. It is more con-
venient to work with two yassages between three blades. The boundary
streamlines are restrained by threading them through extra @ns placed
between the equipotential lines. The extra Itis =e held in @ace by

-& - in*-long ~ –32
inch-diemeter sharpened pins projecting from their

For a compressor cascade with a solidity of 1.5 and a stagger angle
of 45°, a grid having “1O squares per passage of cascade has failed to give
satisfactory results largely because of the difficulty in determining
the position of the stagnation streamline. The position of the nose
streemildnemnst be determined more accurately for compressor blades than
for turbine blades because the entering velocity is higher and the
turning angle and circulation are lower. The lower solidity and tuimtig

n

bottom surface.

As a first apprc@mation for turbine41ade cascades, the position
of the ticcming stagnation streamline is assumed to be slightly below
a line perallel to the entering velocity and perpendicular to the nose
surface. The accuracy of this assum$kion will beccmm evident as the
incming flow field is alined from it. If the stagnation streamline
has been properly assumed, the stagnation streamlines of adjacent blades ‘
will have the same shape. If eJ3 the incoming stagnation streamlines
are not the ssne, their positions must be changed and the plot realined.
~s process is repeated until they me the same when the plot is alined.
If.the flow plot is correct, the two passages plotted will have the same
flow patterns. It should also be noted that the number of potential
Unes between nose stagnation points is equal to the number of squares
per passage of cascade times the tangent of ~. Near the leading-edge
stagnation petit the velocity is changing rapidly; therefore, each of
the adjacent squares of the network represents sn average of a wide
range of velocities and is not as nearly perfect a square as the other I
squares so that the detemnination of the positim of the stsgnatim
point is more difficult. Therefore, the velocity distribution near the
the nose does not show small 10CSL velocity peaks unless the area of
the high+velocity region is of the same order of magnitude as the squares
of the netwwk. For this reasm, a network consisting of a large nuuiber
of small squares is desirable. However, such a network requires more
the to aklne them one with fewer squsres so a cmqxmmise must be made.
For turlxbe cascades, five squares per passage of the cascade has been
found to give satisfactory results. With such a network, a solution was
obtained in 30 hours; however, with practice, the the needed for this
t~e of plot has been reduced to 16 hours. The airfoUs should be large
enough so that the smallest square is about 3/4 inch long. \

.

.
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angle of compressor cascades conibineto yroduce a pssage that is less
well deftied than a typical turbime+lade yassage.

For turblme blades k~g g’ui~ce (a straight portion at the
trailing edge), the exit flow may be assmned to be parallel to the mean
ltie at the trailing edge of the blades. The two trcdlling-edgestre~
lines are brought together insofar as this is mecheaicsUy

CHECIG3ON ACCURACY OF PLOT

‘possible.

.

When the wirmsh ylotting device is uEed to find the flow pattezm
about airfoils h cascade, the mechanical.accuracy of the plot may be
checked by conpsrlng the forces exerted ‘bnthe blade as calculated from
three different sets of data obtained from the plotting device.’ ‘The
normal-force coefficient ~ can be found fram the change of mcnnentum
and pressure as calculated frcm the velocity d.is+pam,from the measured
circulaticm, and fram the integrated area of the ~ressure distribution.

,
If the ylot is correct, these three values of the force will be

equal. If they are not equal, the ylot must be read@sted until ~e~
ment is reached. Weinig yresents these checks on accuracy as they apply
to graphical solutions obtained by sketching (reference1)..

The force coefficient can be found from the velocity diagram as
the vector sum of the components peryendiculer and parallel to the st~er
line. The force yezqmndicular to the stagger
force only. For each blade, figure 2,

line consists of a press~e

‘.= (%-a
therefore

‘a ‘2+22+..%
or, in coefficient form,

.

.
.
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The fmce yerallel to the -staggerltie is due to the momentti Amnge
only Ednce the pressures along two stiar streamlines (such as Ml and CD
h fig. 2) are equal =a Owositej -t isj

Ii+= M AVt

where for me Elade lassage:

\

M = ~Val

= g~v-l Cos p

emd

Therefore

Ft
(5-’t2)

= gqvl Cos J3v

or, in coefficient form,

IYomfigure 3, the comyonent of the force
chord lhe equals

%=

The second.value

CaSti(a –

of Cn is

vi‘)2
coefficient normal to the

P) + ct cos(~ - P)

found from the measured value of the

cticulation. It can tieshown (reference1) that the total force m an
airfoil b cascade is equal to -

~T = pvmr

.— —..
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.

where ‘

Pm vector mean of entering emd exit= vel&ities

r circulation

This force acts perpendicul= to the mean velocity.

By defimitim:

7

!?’“r=’ vds

taken ccmr@etely around tl& atioil. and

along any ~th; therefore,

.
where

4 nuniberof squares between stagnation potits along the surface
divided by the nuuiberof squares in unit &l-stanceat unit
velocity

~, ~ increase in lotential from leading to trolling stagnatim
points along the uller and lower surfaces, respectively

Therefore,

‘T =

or, in coefficient form,

.

.

P%(%-%)

Vfc

t
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IYom figure 3, the comyonent of the total-face coefficient that acts
normal to the chord is seen to be

Cn= cTcos(a–p+E)

Frwl figure 4,

G = tal-1 ‘tl +‘~ .
2V1 Cos p

The third velue of

distribution around the

,
c= can be found.from tite~thg the pressure

blade ae follow:

.

-but

.

and

p@o-$v..2 ,

Therefore

Fn ‘-:~ (VU2 -VL2)dx

and

.

.

.
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Since V = ~ at ~ petit ~d @ is a constamt ticrement between
&

adjacent wires,

In practice, the increment da is measured between adjacent wires .
along the blade and the corresponding velocity is assumed to occur on
the surface midway between the wires.

An example
figure 5, which
blade, blade I,
position of the

COMPARISON WITH CAEK!MXWUWEL DATA

of the solution to the direct problem is shown in
is the coqleted flow pattern about a reaction turbtie
at a stagger singleof 300 and a solidity of 1.8. The
leadhg+dge E3tagnatiu streamline was assumed and the

grid was then alined from the leaMng edge rearward, the le~g+dge ,
stagnation streamline being changed as necessary.

The alining process was re~eated until the following three appru-
hnately equal values of Cn were obtained:

Source Cn

Velocity diagram 1.280
Circulatim 1.294
I?ressuredistribution 1.272

After the flow plot was made, the blade shape was tested in a
2&lnch cascade tunnel at Langley us~g seven, 6-inch-chord blades.
The center blade was fitted with pressure orifices along the upper and
lower surfaces at the midspem to obtain a pressure distribution.

(

.
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The pressure distributions from
tests are compared in figure 6. me
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the flow plot and cascad4annel
angles meamred were as follows:

m 1

Source (d&) (L&) (d:g)
mow ylot 30 53.4 . 74
Cascade 3’ 54.4 73*3 .

Another ~le of the direct problem is shown in figure 7, the
flow yattbrn about a reaction turbine blade, blade II, at 30° stagger
and a solidity of 1.8. The pressure distributions compared well (fig. 8)
and, although the cascadedmnnel stagger angle, angle of attack, and
turning angle ~fered frma those of the flow plot by ap~rcxhnately 2°
because of a 2 upstream tunnel flow angle, the leaving-air angle was
only O.2° larger than that predicted by the flow plot:

t

Source (d~g) (d~g) (d~g)

Fiow plot 30.0 59.2 86
Cascade tunnel 32.0 61.8 88.2

Dt!?ference 2.0 2.6 2.2
b .

. ‘lheMtegrated area of the cascade-tunnel pressure distributia was
slightQ greater than that of the flow plot. This result is consistent
with the greater turdng angle measured in the tunnel.

This method of flow plott5ng has been applied to two other turbine
cascades, one at 45° stagger emd one at 30° stagger. The data obtahed
have compared as well with cascade data as the numerical examples given -
above. On the basis of these results, it appears that this methai is
sufficiently accurate to replace low+peed cascade tu.rtuelsin the ~re
Undnemy design and evaluation of turbin&blade IXOfiles.

THE ImERsEmm

The inverse problem, t’bt of f%xling the blade shape when the
_pressuredistributicm, turdmg an@e, stagger, and solidity are prescribed,
was attempted for an hpulse blade= blade III, at 45° stagger, 90°
turning, anda so~tity of 1.8. The~ressure distributims along the

— ..— — .——
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.

upper and lower ,purfaceswere prescribed as ha-g cmstant values”of
(V/P1)2 over the first 60 yercent of the chord of 1.9 and 0.5, reflec-

tively. The pressure distribution over the last 40 percent chord was -
not prescribed. The stagger, and hence &l, being hOWII, Asu ~a q
were calculated and the length of these increments set on the grid by
small metal links joidllg the pins. The altiement of this setup, however,
was a problem too tLfficult for solution and in order to aU.OW more

freedcxnof movement the 1* were removed from the lower surface stice
the velocities there ere of less titerest. The plot was then &Lined
frm the entering flow re~j a pressure distributim over the lower
surface being selected so that the upper and lower surfaces intersected
at a specified chord and gave the desfied turning -e. With this
simplificaticm, an experienced operator obtained the tiladeshape in
appraimately 32 hours. The completed flow plot is shown in figure 9.

In the cascadetunnel test of the resulting blade section, the
pressure distribution (fig. 10) showed a velocity peak which was not
indicated by the flow-lotting device. This discrepancy was attributed
to the mechanical.difficulty of shaping ad dining the wires at the
lea&tng edge, a condition made worse by the interference of the metal
links with the mirror, EUNIthe inherent haccuracies of the flow plot
near the stagnation point. The nose of the blade shape was mdifi6d by
cutting it to an NYLCA642-015airfoil nose shape which extended to about
12 percent chord. After modification, the shape was retested in a
cascade tunnel and on the plotting device by the direct
pressure distributi~s obttied are shown in figure U.
ageement was obttied.

For the inverse method, la order to avoid velocity
nose, it is therefore better to start with a how-u nose
to 10 percentchord and plot the surfaces rearward from

CONCLUSIONS

methcd. The
Satisfactory

peaks on the
shape laid out
it.

A wire%esh plott3ng device has been used to find the flow’pattern
about four turbine cascades at stagger angles of 30° and 45° and a
solidity of 1.8, and one compressor cascade at a stagger mgle of 45°
ad a solidity of 1.5. One turbine profile was determined by an inver-
sion of the method. The accuracy of these plots has been improved by
eqyating the lift as calculated by three differentmethods and using a
mirror to check the orthogonality of each square as a fhrther check on the
mechanical accuracy of the plot. Fran a canpariscm of plott@@evice
data with cascadAmnnel data for these cases, it ~ be ccmcluded that:

_. ___ .-. ._. —— ——. — -. ———. -.— -—-. — ————.. - .—. . .. ...— .—
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1. A wire+msh plott@ device may be used to find the turning
angle and pressure distribution shout a given turbtie~lade cascade in
two-ttbnensionalticom~essible flow. Ilatasufficiently accurate to
re@ce low+~eed cascade-tunnel testing in the prelhinary design and
evaluation of turbtie+lade shapes may be obtahed.

2. The tiverse Troblem of ftiding a turlxtne+lade shape that will
have a Trescrib& turmlng and pressure distributim over the upper
surface may also be solved by the -e of this plotting device. It iS
advisable to use a lamwn shape for the f@st 10 percent of the blade as
the ylotttng device is not accurate near the stagnation yoint.

3. Com~ressor+lade cascade yroblems sre not easily solved by .
this ?mthd because of the difficulty of accurately positioning the
stagnation streamlines.

Langley Aeronautical Laboratory
Nationel Advisory Committee for Aeronautics

Langley Air Force Base, Vs., March 13, 1950 ‘
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Figure 1.- Wire-mesh dlnement.
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Figure 2.- Flow pattern.
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Figure 5.- Flow pattern for’ blade 1.
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Figure 7..- Flow pattern for ~lade II.
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Figure 9,- Blade profile found by inver~ method, blade III.
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